Purpose-To use manganese-enhanced magnetic resonance imaging (MEMRI) at 25 × 25 × 800 μm 3 to image different retinal and vascular layers in the rat retinas.
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The neural retina can be characterized histologically into six major distinct layers (1) . From the vitreo-retinal interface, these layers are the nerve fiber layer/ganglion cell layer, inner plexiform layer, inner nuclear layer, outer plexiform layer, outer nuclear layer, and photoreceptor-segment layer. The interspersed plexiform layers are synaptic links between adjacent nuclear layers. Two flanking blood supplies nourish the retina. The retinal vasculature, located closest to the vitreous, exists predominantly within the ganglion cell layer but also projects capillaries deep into the inner plexiform layer and inner nuclear layer. In some species, including rats, deep capillaries are also sparsely present in the proximal outer plexiform layer (2) . The choroidal vasculature, on the other hand, is external to the neural retina and is sandwiched between the retinal pigment epithelium (RPE) and the sclera. If considered with the six histologically defined layers, the choroidal vasculature constitutes an additional (seventh) layer. The outer nuclear layer and the photoreceptorsegment layer are avascular.
Most retinal imaging modalities, such as fundus photography and optical coherence tomography for structural imaging as well as fluroscein angiography and laser Doppler flowmetry for blood flow imaging, are based on optics. These techniques are generally limited to probing the inner retinal surface and/or large surface vessels and the signals are confounded by tissue absorption and optical scattering. Signals arising from multiple retinal layers are generally difficult to separate. Moreover, disease-induced opacity of the vitreous humor and/or lens precludes the use of optically based imaging techniques to study the retina.
In contrast, magnetic resonance imaging (MRI) is widely used for noninvasive imaging of brain anatomy, physiology, and function in vivo. The nascent capacity of MRI to distinguish various tissue types can be further enhanced by using exogenous contrast agents. Manganese (Mn), for example, is both an MRI contrast agent and a calcium analog. Mn is trapped in the intracellular space with a half-life on the order of days (3) and thus enhances intracellular MRI signal. Mn appears to preferentially accumulate in neuronal cell bodies compared to dendritic processes by cell volume (4-6) and thus Mn-enhanced MRI (MEMRI) in the retina could in principle be used to resolve the interdispersed nuclear and plexiform layers. MEMRI of the retina following intraperitoneal administration of Mn has been used as a measure of retinal function after prolonged light and dark adaptation (7) . Gd-DTPA (gadolinium-diethylene-triamine-pentaacetic acid) is another contrast agent widely used to selectively enhance the vascular compartment in the brain because normal blood-brain and blood-retinal barriers as well as the RPE are impermeable to Gd-DTPA (8) .
In this study we explored high-contrast MEMRI to resolve rat retinal layers in vivo at 25 × 25 μm in-plane resolution. Mn was injected directly into the vitreous. Seven distinct bands of alternating signal intensities were consistently detected. Three additional sets of experiments were performed to corroborate layer assignments. First, Gd-DTPA was injected intravenously to Mn-injected rats to visualize the two vascular layers bounding the retina. Second, standard histology was performed and histological layer thicknesses were obtained for cross-validation of MRI-derived layer assignments and laminar thicknesses. Finally, we investigated an established animal model of photoreceptor degeneration, the Royal College of Surgeons (RCS) rats (9) . RCS rats have a genetic defect in the RPE that prevents proper phagocytosis of the photoreceptor segments, resulting in a spontaneous and complete degeneration of the photoreceptors by postnatal day 90 (P90). MEMRI detected the expected loss of the outer plexiform layer, outer nuclear layer, and photoreceptor-segment layer, consistent with histology. This study demonstrates laminar structures in the in vivo retina at very high spatial resolution and contrast without depth limitation.
MATERIALS AND METHODS

Animal Preparation
All experiments were performed with approval of the Institutional Animal Care and Use Committee at Emory University and in accordance with the Association for Research in Vision and Ophthalmology's statement for the Use of Animals in Ophthalmic and Visual Research. Rats were anesthetized under 2% isoflurane and isotonic MnCl 2 solution was injected into the vitreous of the left eye over 2 minutes via a 30G needle and a Hamilton syringe, which was left in place for 2 additional minutes before withdrawal. To optimize the dosage for retinal contrast enhancement, 5 μL of isotonic 20, 30, 60, or 120 mM of MnCl 2 was injected intravitreally into the left eye of a separate group of animals (n = 12). Subsequent studies using the optimal dose (5 μL of 30 mM) were carried out on two additional groups of animals: 2) Sprague-Dawley rats (control, n = 5, P90, 275-300 g), and
2) Long-Evans RCS rats (n = 5, P90, ≈300 g) with essentially complete photoreceptor degeneration.
Although the RPE is pigmented in Long-Evans but not pigmented in Sprague-Dawley, the laminar structure of the retina does not differ on histology and thickness and thus Mn accumulation should not differ. The diameters, and thus vitreous volume, of the control and RCS retina were similar. Thus, the concentration of Mn delivered was likely similar and should not result in differences in laminar contrasts and assignments between the two strains.
After intravitreal MnCl 2 injection, animals were returned to normal housing in their cages. Approximately 24 hours after MnCl 2 injection animals were anesthetized using 2% isoflurane and a femoral vein was catheterized for remote administration of Gd-DTPA during MRI. Animals were intubated (or tracheotomized), mechanically ventilated, paralyzed with pancuronium bromide (3 mg/kg first dose, followed by 1 mg/kg/hr, i.v.), and placed onto a head holder consisting of ear and tooth bars. MRI was performed under 1% isoflurane anesthesia. End-tidal CO 2 (Surgivet capnometer, Waukesha, WI) and heart rate and arterial O 2 saturation (Nonin-8600, Plymouth, MN) was continuously monitored and maintained within normal physiologic ranges unless otherwise perturbed. Rectal temperature was maintained at 37 ± 0.5°C using a pad with warm circulating water throughout the experiments. MRI was performed before and after Gd-DTPA injection (0.4 mL/kg, 0.5 M, i.v.) while the Mn-injected animals were in the magnet.
MRI Experiments
MRI experiments were performed on a Bruker 4.7-T/ 40-cm scanner (Billerica, MA). A custom-built, small circular surface coil (I.D. ≈1 cm) was placed on the left eye. To minimize partial-volume effects, MRI was performed on a single image slice along the center of the retina roughly bisecting the optic nerve head. T 1 -weighted MRI used a conventional gradient-echo pulse sequence with TR = 104 msec, TE = 8.5 msec, flip angle (FA) = 30°, 0.8 mm slice thickness, 16 repetitions acquired as a time series, data matrix = 256 × 256, and field of view (FOV) = 6.4 × 6.4 mm, yielding an in-plane resolution of 25 × 25 μm.
Image Data Analysis
Data analysis employed Stimulate software (10) and programs written in MatLab (MathWorks, Natick, MA). The time series data were corrected for motion and/or drift as needed before averaging offline. Cognizant of some partial-volume effects, the thickness of each MRI-derived band was determined as described below. Radial projections perpendicular to the vitreous boundary (8, 11) were obtained with six times the sampling density of the original image (equivalent to spatial interpolation). Signal intensities along these projections were averaged into intensity profiles. The full-width-at-half-maximum (FWHM) peak heights (assuming the baselines to be at the vitreous and sclera) were taken to be the laminar thicknesses. The thickness of the troughs was obtained using the full heights marks determined from the peaks. Although this approach had some drawbacks, such as not accounting for any rolling baseline or lack of information of the entire retina, it provided robust measures of laminar thicknesses allowing comparison between normal and diseased retinas. Thickness measurements were made from profiles plotted along a ≈1 mm length of the retina on either side of the optic nerve head, cognizant of the nonuniform retinal thickness from posterior pole to the pars plana.
Histology
Standard histology was obtained on approximately the same imaging slices. Following anesthetic overdose, eyes were enucleated and immersion-fixed overnight in 2% paraformaldehyde and 2.5% glutaraldehyde. Eyes were rinsed in 0.1 M phosphate buffer, dissected to isolate the posterior eyecup, and divided into two halves along the optic nerve. The eyeball was embedded in epoxyresin and sectioned at 0.5 μm for thickness measurement and Toluidine blue staining. Thicknesses of different layers of the neural retina and choroidal vasculature were semiautomatically derived using an image analysis program (Image Pro, Media Cybernetics, Silver Springs, MD).
RESULTS
Based on our measurement of rat eye diameter (6-7 mm), the impact of MRI slice thickness on partial-volume effect (PVE) was estimated. Assuming a 6-mm diameter sphere and 0.8mm MRI imaging slice thickness, the maximal deviation (δ) due to curvature was <10% of total retinal thickness. Moreover, the retina is somewhat flat in the central region. Thus, for the central slice the above calculation reflects the upper limits of PVE.
The optimal MnCl 2 dose that consistently enhanced the different bands in the retina was determined to be 5 μL of 30 mM MnCl 2 when imaged 24 hours postinjection. Lower doses failed to yield consistent contrast and higher doses caused undesirable signal decay. Using the optimal dose, high-resolution, high-contrast MEMRI of normal retinas revealed seven distinct bands of alternating hyper-and hypointensities ( Fig. 1 ). Zoomed images of the retina (Fig. 1c ) clearly showed hyperintense signal from the nerves originating at the optic nerve head and forming the diffuse layer on the innermost surface of the eye in one of the control rats. The bands were numbered #1 through #7, starting at the innermost diffuse layer (Fig. 1e ). Signal intensity profiles projected perpendicular to the retinal surface showed a diffuse bright band closest to the vitreous (#1) and three bright bands (#3, #5, and #7) interspersed among three dark bands (#2, #4, and #6) ( Fig. 1f ).
Following intravenous administration of Gd-DTPA to the Mn-injected rats, subtraction of pre-and post-Gd-DTPA images produced intensity profiles that revealed enhancement on either side of the retina (bands #1-3 and 7) ( Fig. 2a -c, modified from figure 12 in Ref. (12) with permission). The outer band #7 was enhanced more by Gd-DTPA than the inner bands #1-3 ( Fig. 2d ). In contrast, there were no significant Gd-DTPA enhancements of the middle sections of the retina (layer #4-6) and the vitreous. The anterior segment of the eye was also enhanced due to the high permeability of the ciliary body to Gd-DTPA (data not shown), consistent with a previous report (8) .
To cross-validate laminar assignments, histology was performed ( Fig. 3a ). Histologic section of the normal retina showed seven layers, representing the ganglion cell layer, inner plexiform layer, inner nuclear layer, outer plexiform layer, outer nuclear layer, inner + outer photoreceptor-segment layer, and the choroidal vascular layer. MRI and histologic layer assignments and laminar thicknesses were tabulated and are summarized in Table 1 . The seven MRI-derived bands were interpreted as corresponding to the seven layers defined by histology. The total thickness of the normal retina including the choroidal vascular layer was 275 ± 30 μm by MRI and 251 ± 13 μm by histology.
To further corroborate the MRI-derived laminar assignments, retinas of P90 RCS rats, in which the photoreceptors are expected to have degenerated, were investigated. In contrast to the normal retinas, MEMRI of the P90 RCS retinas revealed only four bands of alternating hyper-and hypointensities plus a debris band (Fig. 3B,C) . The overall retinal thickness was markedly reduced. Comparison of the MEMRI intensity profiles revealed the disappearance of bands #4-6, diminished intensity of band #3, the appearance of a debris layer, and a thinning of the total retinal thickness in the P90 RCS retinas.
In the P90 RCS retina, the histological results showed that, in place of the outer plexiform layer (band #4), outer nuclear layer (corresponding to band #5), and photoreceptor-segment layer (band #6), only a thin debris layer was visible in the P90 RCS retina and the total retinal thickness was markedly reduced. Layer assignments and thicknesses by MRI and histology of the P90 RCS retinas were tabulated and are summarized in Table 2 . The missing layers in the P90 RCS retinas were interpreted to be bands #4-6, corresponding to the outer plexiform layer, outer nuclear layer, and photoreceptor-segment layer, respectively. The total thickness including the choroidal vascular layer of the P90 RCS retinas was 212 ± 22 μm by MRI and 208 ± 15 by histology, significantly thinner than the normal retinas. Together, the P90 RCS rat data further corroborate the MRI layer assignments.
DISCUSSION
High-resolution, high-contrast MEMRI was implemented for lamina-specific anatomical imaging of the rat retina in vivo. Improved spatial resolution was made possible by using a small radiofrequency (RF) coil and improved contrast by Mn administration. Seven bands of alternating bright and dark signal intensities were observed in normal rat retinas. Gd-DTPA contrast-enhanced MRI studies confirmed the vascular boundaries of the retina and facilitated layer assignments. To further corroborate layer assignment, the retina of RCS rats whose photoreceptors are known to completely degenerate by P90 were studied. Indeed, MEMRI revealed the P90 RCS retinas were missing the outer plexiform layer, outer nuclear layer, and photoreceptor-segment layer. Finally, MRI laminar thicknesses were quantified and their layer assignments cross-validated against standard histology. To our knowledge, this is the first MRI study that demonstrates histologically defined multilayer structures of the retina in vivo at high spatial resolution and contrast.
Comparison With Lamina-Specific MRI Without Mn Injection
Lamina-specific structures and thicknesses of the rat (8) and cat (13) retina using MRI without Mn injection and at lower spatial resolution have been reported previously. In these studies, only three alternating bright and dark bands were observed. The total thickness of rat retina, including the choroidal vascular layer, was 267 ± 31 μm by MRI and 205 ± 11 by histology (8) , in agreement with values reported herein. The total thickness of the feline retina, however, was significantly thicker (358 ± 13 μm by MRI and 319 ± 77 μm by histology (13) ), due to the presence of an additional tapetal layer (87 ± 35 μm by histology (13) behind the RPE, which facilitates low-light vision (14) . The Mn-enhanced MRI presented here demonstrated improved resolution and contrast sufficient to visualize additional and histologically defined laminar structures that were not detectable by previous MRI.
Technical Considerations
The optimal (lowest) dose of MnCl 2 required to obtain consistent contrast enhancement of different layers in the retina was determined to be 5 μL of 30 mM MnCl 2 solution when imaged 24 hours after injection. Higher concentrations of MnCl 2 (ie, 120 mM) resulted in undesirable T 2 * signal decay, particularly in the retinal layers closest to the vitreous (such as the ganglion cell layer). Lower dose (i.e., 20 mM), on the other hand, yielded insufficient or inconsistent contrast to reliably differentiate retinal layers. Our optimal dose was lower than those reported previously that employed intravitreal injection of MnCl 2 (2 μL and 800 mM (15, 16 ) and 3 μL and 50 mM (17) (18) (19) (20) ). Although the intraocular pressure was not monitored, MRI and visual inspection did not reveal significant shape distortion following intravitreal Mn injection. In some animals, histology was also performed on the noninjected right eyes to evaluate the potential toxicity of intravitreal Mn injection. Gross histology and behavioral assessment also did not show obvious toxicity or changes in retinal thickness within 24 hours of intravitreal Mn injection (data not shown). Acute and chronic Mn toxicity in the retinas remains to be vigorously investigated.
PVE and Limitations of Thickness Determination
While the spatial resolution herein compares favorably with the published literature, potential PVE when imaging retinal layers exists because the retina is thin and curved. Given the spatial resolution, imaging slice thickness employed, and the total retinal thickness in rats, PVE (8, 11) was calculated to be negligible (<10%) when MEMRI was used to determine total retinal thickness (data not shown). Indeed, MRI and histologic determinations of total retinal thickness were highly correlated. However, because each layer consists of only 1-3 pixels, some PVE on individual layer thickness determination is likely present in both slice-thickness and in-plane dimensions. Consequently, PVE may lead to overestimation of laminar thicknesses. Nonetheless, seven bands in the MRI images and intensity profiles were clearly resolved. MEMRI clearly and consistently documented the missing outer plexiform layer, outer nuclear photoreceptor layer, and photoreceptor-segment layer in the P90 RCS retinas, as confirmed by standard histology. The thickness determination based on intensity profiles was used instead of counting pixels within each band. This approach was sufficiently robust for laminar thickness comparison between normal and diseased retinas. To further minimize the PVE, the sum of individual layer thicknesses was constrained by total retinal thickness, which was validated independently. Thus, the overall conclusions with regard to MEMRI layer assignment are likely valid and are further justified below.
Justification of Layer Assignments
Following our initial observations of laminar structures, three different additional studies were performed to corroborate layer assignments, namely, studies using Gd-DTPA, RCS rat model of retinal degeneration, and standard histology. The Gd-DTPA results established the boundaries of the retina, set the upper limit of the retinal thickness, and thus assisted in making layer assignment. Consistent with the anatomy of embedded retinal vessels within these layers, bands #1-3 in MEMRI were assigned as the ganglion cell layer, inner plexiform layer, and inner nuclear layer, respectively, because these bands were enhanced by Gd-DTPA. Moreover, band #1 (ganglion cell layer) was more diffusely enhanced in MEMRI and its intensity was slightly lower than the other (inner and outer) nuclear layers (bands #3 and 5) and the choroid (band #7). This may be due to the relatively lower cell density of the ganglion cell layer compared to the other nuclear layers, consistent with histology. The RPE, a single-cell 5-μm-thick layer, sandwiched between the choroid and the outer photoreceptor segments, is unlikely visible by MRI.
Mn enhanced band #7 heavily, to a similar or greater extent than the nuclear layers. One possible explanation is that endothelial cells that line the choroidal vessels strongly accumulate Mn, similar to the observation in the cerebral vascular endothelium (21, 22) . Band #7 was further and strongly enhanced by Gd-DTPA, confirming its vascularity. Band #7 was assigned as the choroidal vascular layer.
The RCS rats provided an excellent model to corroborate layer assignments. In contrast to the seven bands observed in the normal retinas, MEMRI of the P90 RCS retinas revealed only four bands, plus a debris band. Bands #4, #5, and #6 appeared to be missing, consistent with the known degeneration of the outer nuclear layer and the photoreceptor-segment layer in the P90 RCS retinas (9) . The outer plexiform layer, which consists of the synaptic links from the photoreceptors, possibly degraded in response to the photoreceptors degeneration. Histology of the P90 RCS retinas confirmed the absence of the outer plexiform layer. Histologically, the outer plexiform layer, outer nuclear layer, and photoreceptor-segment layer appeared to coalesce into the debris layer. Bands #4-6 in the normal retina were thus assigned as the outer plexiform layer, outer nuclear layer, and photoreceptor-segment layer, respectively. In the P90 RCS retina, bands #4-6 constituted the debris layer.
In the P90 RCS retina, band #3 was hyperintense compared to band #2 and the debris band, suggesting that band #3 is a nuclear layer. Moreover, histology of band #3 in the P90 RCS retina appeared relatively normal, consistent with published data that the thickness of the inner nuclear layer remains largely intact (23), although subtle changes secondary to photoreceptor loss has also been identified (9) . Such secondary effects could result in a lower Mn accumulation in band #3 of the P90 RCS retina relative to normal retina, as observed. In the normal retina, band #3 was further enhanced by Gd-DTPA, suggesting it is not part of the avascular regions of the retina. Band #3 was thus assigned as the inner nuclear layer.
In short, studies of the RCS retina made possible the layer assignments of bands #4, 5, and 6 and helped to assign band #3. Band #2, located between the ganglion cell layer and the inner nuclear layer, was weakly enhanced by Mn, consistent with it being a plexiform layer. Band #2 was also weakly enhanced by Gd-DTPA, consistent with the relatively lower vascular density of the embedded retinal vessels in the plexiform layer compared to the ganglion cell layer and the choroidal vascular layer. Band #2 was thus assigned as the inner plexiform layer.
Laminar Thickness
Histological correlation of laminar thicknesses further corroborated layer assignments. MEMRI-derived thickness of the entire neural retina (≈235 μm), excluding the choroidal vascular layer, is in good agreement with the total thickness of the rat neural retina reported using histology (24, 25) , ultrasound (26) , and optical coherence tomography (27, 28) . Importantly, thicknesses of individual layers determined by our histology are also in general agreement with those reported by histology (24) and ultrasound (26) . MRI-derived band thicknesses were not statistically different from the corresponding histology-derived laminar thickness, except for band #7, the choroid vasculature. The choroidal vascular layer was measured to be 44 ± 10 μm by MRI and 37 ± 4 μm by histology. Reports of the choroidal vascular layer thickness are sparse. We only found one report of choroidal thickness by histology (25-45 μm) (29) . This is perhaps not surprising because histological extraction of the choroid typically detaches between the photoreceptor and RPE, excluding the choroid from the mount. Optically based imaging techniques have difficulty in imaging the choroid because visible light does not readily penetrate the RPE. Similarly, ultrasound contrasts of the choroid appear ambiguous for laminar thickness determination. Possible explanations for the discrepancy between ex vivo and in vivo choroidal thickness are: 1) histology is susceptible to fixation shrinkage, 2) vessels in the extracted choroid collapse in the absence of blood flow, and 3) PVE of MRI could potentially overestimate choroidal thickness. Nonetheless, this is the first report of a choroidal vascular layer thickness measurement in vivo, underscoring the importance of in vivo measurements.
Future Perspective
While MEMRI will have limited human application, conventional MRI has been applied to study the human retina. Zhang (32) demonstrated that quantitative basal blood flow and its responses to hypercapnic challenge in unanesthetized human retina can be imaged using noninvasive MRI. While none of these studies thus far yielded laminar resolution, we predict that it will be possible. With rapid advances in MRI technologies to improve spatiotemporal resolution, we anticipate that MRI applications in the retina will broaden.
In summary, high-resolution MEMRI resolves lamina-specific structures in the rat retina in vivo without relying on optical transparency. This technique demonstrated the sensitivity and specificity to resolve laminar structures that correspond to layers outlined by histology. (a) Histology, (b) Mn-enhanced MRI, (c) signal intensity profiles from a normal and a P90 RCS retina. The layer assignments of the normal rat retina are: 1. ganglion cell layer (GCL), 2. inner plexiform layer (IPL), 3. inner nuclear layer (INL), 4. outer plexiform layer (OPL), 5. outer nuclear layer (ONL), 6. inner and outer photoreceptor segment layer (IS+OS), and 7. choroidal vascular layer (CH). RPE denotes retinal pigment epithelium. In the P90 RCS retina, bands #4-6 appeared missing and band #3 showed reduced signal intensity, whereas band #1 was slightly more enhanced, compared to the corresponding bands in the normal retina. The corresponding histological slide of the P90 RCS retina showed a debris band in place of bands #4-6 in the normal retina. Letter D indicates the debris layer. The arrowhead in c indicates the sclera. Table 1 Laminar Thickness (μm, Mean ± SD) of Normal Sprague-Dawley (n = 5) and P90 RCS Retinas (n = 5) as Determined by MRI and Histology a P < 0.05. The choroidal vascular layer post-Gd-DTPA was slightly thicker than pre-Gd-DTPA, likely due to the increased PVE associated with the marked increase in signal intensity. Both MRI determinations of choroidal vascular layer were statistically different from histological thickness.
b Determined from the width of the entire retina including the choroid (not from summing up all the band thicknesses).
